Abstract -In order to assess the potential of porous Si as thermoelectric material we have performed thermal conductivity measurements in dependence of both temperature and average structure size. Investigations on samples with average structure sizes between 7 nm and 100 nm reveal a pronounced reduction in thermal conductivity which is encouraging for the future use of porous Si as thermoelectric material. The observed dependence on structure size and temperature can be explained in terms of a simple kinetic model based on the reduction of the effective phonon mean free path.
Porous silicon (pSi) has been the object of intensive research for several decades due to its optical, optoelectronical, thermal, and chemical properties [1, 2] . Among other things it has been proposed as chemical and optical sensor and moreover as insulating material in Si-based microelectronics [3, 4] . A further potential area is the field of thermoelectrics. Thermoelectric materials can convert heat directly into electricity and increase energy efficiency if heat is used that would otherwise be wasted. Since 2008 several publication have shown that Si nanowires or similar structures can have thermoelectric properties comparable to state-of-the-art materials [5] [6] [7] . If pSi could be fabricated with similar properties, silicon-based thermoelectric devices are well within reach. In contrast to silicon nanowires the fabrication of pSi is easily scalable to macroscopic material amounts and bulk characterization techniques can be applied which accelerates thermoelectric property optimization. Additionally, due to its three-dimensional structure, the mechanical properties of pSi are superior to arrays of Si nanowires [8] . Porous Si can be fabricated in different forms: from pore diameters and wall thicknesses of a few nanometers to several micrometers.
Good thermoelectric materials must possess a high electrical conductivity but a low thermal conductivity. Due to the difference in electron and phonon scattering (a) E-mail: deboor@mpi-halle.de lengths it appears feasible to design pSi such that electrical transport remains high while the thermal conductivity is decreased significantly. Here we present systematic thermal conductivity measurements on different samples with average wall thicknesses or structure sizes between 7 nm and 100 nm. The samples show a clear reduction of the thermal conductivity in a size region where a preservation of the electrical properties might still be achievable [9] .
We used a simple electrochemical cell for the fabrication of porous Si for the samples with structure sizes below 50 nm [10, 11] . N-type (111) Si wafers with resistivities of either 15-20 mΩ cm or 20-50 mΩ cm were etched in an aqueous solution containing 4.8% HF and 0.1 wt.% ionic surfactant. Different wafer resistivities and controlling of the applied bias allows altering the porosity φ, i.e. the fraction of material removed during the etching, and the average structure size d of the fabricated samples; current densities between 4-16 mA cm −2 were applied. For good ohmic contact to the wafers with higher resistivity a thin layer of Sb and 100 nm of Au were subsequently evaporated onto the backside of the wafers and annealed at 400
• C for 10 min in Ar atmosphere. In order to achieve good homogeneity over the whole porous layer the anodization was performed under potentiostatic conditions at a temperature of 20
• C. The sample with the largest structure size was prepared from a n-type (100) wafer with a resistivity of 100 mΩ cm at a current density 16001-p1 of ≈ 6.5 mA cm −2 in a different setup as described, e.g., in ref. [12] .
SEM images of six pSi samples are shown in fig. 1 . The samples have an area of around 3 cm 2 and a thickness of 100 µm.
The porosity φ was determined by weighing the samples before and after etching. The average structure size can be determined from cross-section SEM images if the porosity is known. If we regard the structure size d as the smallest distance between adjacent pores it is clear that d increases when φ decreases, given that the average distance l from pore center to pore center is kept constant. The exact relation depends on the shape of the pores and their arrangement. If we assume round pores in a hexagonal ordering the average structure size is found to be
Considering other geometries like round or square pores in a square arrangement leads to similar equations with slightly different prefactors of √ φ. The pSi samples show neither perfect hexagonal nor tetragonal ordering, however, since the result shows only a weak dependence on the exact geometry, eq. (1) can be used to estimate the structure size. The periodicity l can be obtained from the SEM images by counting the number of pores within a known distance.
The sample with the largest structure size consisted of a crystalline Si matrix and a ≈ 50-100 nm thick microporous layer surrounding the main pores directly after etching. The microporous layer does not contribute significantly to the thermal transport [13] , but prevents an assessment of the structure size. It was therefore removed by a mild oxidation (925
• C for 4 min) and a subsequent dip in a HF solution. The sample is shown without the microporous layer in fig. 1f ). In the image side pores perpendicular to the main pores can be observed. In this case the structure size was therefore measured directly from cross-sectional SEM images, which was feasible at the relatively large feature sizes.
The thermal conductivity of the samples was determined using the 3ω method, a description of which can be found elsewhere [14, 15] while details about our setup are given in ref. [16] .
In order to account for the material loss due to etching the experimental results have been normalized by ( 
The effect of the finite pSi layer thickness and the finite heater width has been taken into account in analogy to the analysis presented in ref. [17] . Compared to the standard analysis of 3ω measurements as described, e.g., in [14, 15] this results in a small geometrical correction factor which is between 1.05 and 1.12 for the samples with κ < 10 Wm
For the samples with larger thermal conductivity the correction factors are 1.15 at room temperature and 1.3 below 200 K; further details are given in the appendix.
The geometrical parameters of the measured samples as well as their thermal conductivity at 300 K are summarized in table 1.
The thermal conductivity is plotted vs. structure size in fig. 2a) [13, 18] . The solid line is the result of eq. (4) which can be used to model the thermal conductivity of pSi. Also shown are literature results for Si nanowires and holey Si which exhibit comparable as well as lower thermal conductivity at a given structure size [5] [6] [7] 19] . b) Thermal conductivity of pSi samples vs. temperature. The structure size of each sample is indicated in the figure. All samples show a relatively weak temperature dependence with very broad maxima. The solid lines correspond to the result of eq. (4) and it can be seen that both the magnitude of κ as well as the temperature dependence are reproduced accurately except for the sample with largest structure size. 300 K a significant reduction of the thermal conductivity is visible, the more the smaller the structure size. This is expected since with smaller structure size the phonon mean free path decreases so that the thermal conductivity diminishes.
The dependence of the thermal conductivity on temperature and structure size has been modeled among others using the Boltzmann transport equation [20] , Monte Carlo simulation [21] , molecular dynamics [22] , and a combination of effective medium theory and radiative heat transfer [23] . We will show that a simple kinetic model can be used to explain the experimental data. Ignoring the spectral properties of the phonons (gray medium approximation) the thermal conductivity of bulk Si is given by
where c is the volumetric heat capacity, v the phonon group velocity and γ bulk the phonon mean free path.
Chen calculated c and v taking into account that optical phonons contribute little to the thermal conductivity [24, 25] and obtained a phonon mean free path of γ bulk ≈ 260 nm which is supported by experimental and theoretical results [26, 27] . In porous Si the phonon mean free path will decrease if the structure size is comparable to or smaller than the bulk phonon mean free path. It has been shown that the total mean free path is the inverse sum of the bulk mean free path and 3/4 of the structure size [28] , the thermal conductivity of pSi can therefore be expressed as
This equation can now be used to model the temperature and structure size dependence of pSi. To test the model against our experimental results we used the values for c and v from Chen [24, 25] and the experimental results on the bulk thermal conductivity of Si from Glasbrenner and Slack [29] to calculate the bulk mean free path as a function of temperature. For T = 300 K the result of eq. (4) is shown in fig. 2a ) as solid line. It can be seen that the agreement to the measurement results is satisfactory. For further validation we have also included data from previous reports on porous Si [13, 18] . It can be seen that these values are comparable to the prediction and support the reliability of eq. (4) for the shown structure size regime.
Comparing the results for pSi with literature data for Si nanowires, however, it is found that some of those exhibit comparable and others lower thermal conductivity at a given structure size [5] [6] [7] 19] . It has been argued that besides structure size surface roughness might govern thermal transport and might be the reason for the observed differences [6, [30] [31] [32] . Note that differences in specularity of the interfaces of the samples are not sufficient to explain the lower thermal conductivity of the SiNWs since totally diffusive scattering at the interfaces is assumed in eq. (4). Figure 2b ) displays the results for thermal conductivity vs. temperature. The circles indicate the measurement results while the solid lines correspond to the result of eq. (4) for the measured structure size. It can be seen that both the magnitude as well as the temperature dependence of the measurement result are reproduced accurately, except for the sample with the largest structure size, which shows some systematic deviation. A simple kinetic gray medium model such as eq. (4) may not be accurate for large structure sizes [33, 34] , since it underestimates the contribution of the long-wavelength phonons that carry a 16001-p3 substantial fraction of the heat [35] . Nevertheless, it can be concluded from fig. 2 that eq. (4) shows satisfactory agreement with the experimental findings and can be applied to estimate the structure size and temperature dependent thermal conductivity of pSi.
In summary we have presented a study on the thermal conductivity of porous Si. Investigating samples with average structure sizes between 7 nm and 100 nm, a range that is promising for thermoelectric applications, we found pronounced size effects and a drastic reduction of the thermal conductivity compared to bulk which is a prerequisite for thermoelectric applications of Si. We have shown that both the temperature and the structure size dependence can be understood in terms of a simple kinetic model. * * *
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Appendix. -Data analysis of the 3ω measurement results. In this appendix we want to provide more details on the analysis of the 3ω measurement data. In a 3ω measurement a thermal wave is excited by driving an alternating current with frequency f through the heater. The thermal wave has a penetration depth q −1 = κ/(4πf ρc), where ρ is the density of the sample. It has been shown by Cahill [14] that if b q −1 t, where b is half of the heater width and t the film thickness, the temperature amplitude of the thermal wave is given by
here P is the power supplied to the heater, l its length and ω = 2πf the angular excitation frequency. In this limit the thermal conductivity can be obtained from the change in the real part of the temperature amplitude vs. excitation frequency
This equation is only strictly valid for b q −1 t, i.e. semi-infinite samples with a vanishing heater width. We will derive a more accurate description for samples with realistic dimensions, compare the results with eq. (A.1) and show that eq. (A.2) can still be used to obtain the thermal conductivity if a small correction factor is employed.
Since the bulk Si layer below the pSi layer has a high thermal conductivity it can be approximately regarded as isothermal boundary at the bottom of the pSi layer. We can then follow the treatment by Borca-Tasciuc et al. [17] and calculate the temperature amplitude of the heater for finite heater width and sample thickness:
D is the thermal diffusivity of the material and λ, the integration variable, is the spatial frequency. The exact solution for the real part of the temperature amplitude is plotted in fig. 3 for P/l = 1 Wm Figure 3a) shows in particular that a finite heater width and sample thickness lead to a smaller decrease of the real part of the temperature amplitude with increasing frequency. If eq. (A.2) is employed and the thermal conductivity is determined from the fit of R(∆T ) vs. lnf in the suitable frequency interval the result will be systematically too large.
However, comparing the slope from eq. (A.3) with the (constant) slope from eq. (A.1) one can calculate the ratio of the thermal conductivity κ Cahill that is obtained if eq. (A.1) is employed and the correct sample thermal conductivity κ corr . This is shown in fig. 3b ) for t = 100 µm and b = 10 µm. It can be seen that the ratio is varying slowly in the plotted frequency region.
Practically κ Cahill is obtained from a finite frequency region ab |q −1 (f )| t/a. The larger a is chosen the closer is κ Cahill /κ corr to unity, i.e. the smaller the necessary correction. In our experiments a is limited by two things: first by the ratio of half the heater width and sample thickness: a 2 t/b; second by the necessity to have a sufficient number of data points in the chosen frequency interval. For the typical case b = 10 µm and t = 100 µm a could be chosen around 2.5. The frequency region that is used to obtain κ Cahill for these parameters is indicated as gray region in fig. 3b ). It can be seen that the correction factor is almost constant in this frequency interval and has a magnitude of ≈ 1.08. In summary the analysis shows that the thermal conductivity is determined ≈ 8% too large when eq. (A.2) is employed due to the finite sample thickness and heater width. Similar correction factors have been calculated for all samples.
Note furthermore that the fitting region can also be affected by the available measurement regime. For the samples with high κ the optimal fitting region partially exceeds frequencies of 1500 Hz, which was the instrumentational limit for reliable data acquisition. This is particular severe at low temperatures (κ high, c small) where smaller values for a had to be chosen. This results 2) -κ Cahill -and the correct sample thermal conductivity -κcorr-is shown for t = 100 µm and b = 10 µm. It can be seen that κ is measured ≈ 8% too large in the frequency region that is used for obtaining the thermal conductivity (gray shadowed). For this example the result from eq. (A.2) is thus to be divided by 1.08. in the relatively large correction factors for the sample with the largest structure size.
Error discussion. Due to structural anisotropy the thermal conductivity of the pSi samples is not necessarily isotropic. In this case, the result of the 3ω measurement is the geometrical mean of in-and cross-plane thermal conductivity [17] .
The relative error of the thermal conductivity of the pSi samples is the sum of the relative errors u of the 3ω measurement itself is (uκ meas /κ meas = 5%) and the porosity measurement uφ/φ = 3%. An additional error stems from the correction due to the sample geometry since the assumptions under which it was developed are not perfectly met. Although single-crystalline Si has a high thermal conductivity, isothermal boundary conditions are only approximately valid. Furthermore, anisotropic thermal conductivity can alter the correction factor in both directions. Finally, the maximal deviation of the slope has been used as correction factor, but the deviation is not constant within the fitting region, see fig. 3b ). For these reasons an additional error of half the correction was included.
The relative error of the structure size is given by
The periodicity was obtained by averaging the results of several graphical analysis of the SEM images, its relative error was ≈ 10%.
